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The effects of including isospin in proton-induced reactions have been previously discussed. The
effects are most important for heavy nuclei, where a substantial enhancement in proton decay of the
compound nucleus is predicted. A comparable study for neutrons and alpha particles shows effects
which are largest for light nuclei. The most important consequences are an enhancement in alpha decay
and a slight reduction in proton and neutron decay, with some effects persisting for higher stages of mul-

tistep reactions.

PACS number(s): 25.40.—h, 25.55.—e, 24.90.+d

The consequences of the inclusion of isospin in
Hauser-Feshbach calculations have previously been ex-
amined [1-3]. Proton-induced reactions on nuclei with
N > Z are found to occur through compound nuclear
states with two values of isospin. The higher of these
two, T=T,+ 1, where T, is the target isospin, has very
few neutron channels available for decay, making proton
decay the dominant decay mode. States of the lower iso-
spin, T=T,—1, are populated with higher probability
and have decay widths more consistent with the no-
isospin limit. The result of including isospin in a com-
pound nucleus formed by protons is to produce a fraction
1/(2T4+1) of the compound nuclei which are forced to
proton decay, enhancing the proton yield.

No similar summary of the effects of isospin on
neutron- or alpha-induced reactions has appeared, al-
though inspection of the predictions of Refs. [1] and [2]
indicates small effects for 4 >50. A more careful study
of the consequences of isospin inclusion for alpha- and
neutron-induced reactions indicates that the effects for
nuclei with small isospin (T =< 1) can be substantial.

Table I lists the coefficients for isospin coupling in re-
actions induced by alpha particles. As can be seen, only
one value of isospin characterizes the compound nuclei,
but the decay probabilities can be affected substantially.
In particular, alpha bombardment of T'=0 targets result
in a reduction of 50% in the proton and neutron decay
width. For any target for which the proton and neutron
widths were a significant fraction of the decay width, this
will enhance the alpha decay by a large factor which can
approach 2. For a T=0 target, it is also likely gamma-
ray decay will also be inhibited, given the fact that T=0
to T=0 decays are substantially slower than decays be-
tween T=1and T=0.

In Table II we tabulate the couplings for multistep re-
actions on 2*Mg and »*Mg. For T=0 (**Mg), not only
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are the proton and neutron widths reduced for the com-
pound nucleus, but alpha decay leads to another T=0
nucleus, which also will have reduced proton and neutron
decay. Also, multiple neutron and proton decays tend to
funnel the nucleus back to the T=0 region, since nuclei
with N > Z have reduced proton decay probability and
those with Z > N a reduced neutron decay probability.
Thus, multistep reactions would continue the preference
for alpha decay. A similar trend is seen for a Mg tar-
get; the isospin coupling reduces the proton decay width
if N>Z and the neutron width if Z>N. For a target

TABLE I. Isospin coupling for alpha-induced reactions.

Decay
Target Compound nucleus channel Coupling
T=0 T=0 n 1
P 3
a 1
T=1(Tz=3%) T=1 n (T=0) 1
P 3
a 1
n(T=1) 1
T=%(TZ=—%) T=% n 2
p (T=0) 1
a 1
p (T=1) 1
T=1(Tz=1) T=1 n(r=1) 1
p 7
a 1
n (T=~23—) %
T=1(Tz=-1) T=1 n 3
p(T=1) 1
a 1
p(T=2) T
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with Z > N, the couplings to neutrons and protons would
be interchanged. For alpha bombardment of °Ne or
Mg, neutron decay would be inhibited by a factor of 2
at the first stage. Again, the coupling coefficients tend to
focus multistep reactions to 7=0 nuclei through the in-
hibition factors for proton and neutron decay.

Table III shows the corresponding couplings for neu-
trons. If T, >0, neutron-induced reactions populate only
one isospin in the first stage of the reaction. As was seen
for alphas, the couplings reduce proton emission if 7, >0
and neutron emission if T, <0, while both are reduced
substantially if 7=0. Note that this tendency will focus
emissions in multistep reactions so as to enhance alpha
emission by preferentially populating T"=0 states.

For targets with Z=N+1, two isospins are possible
for the compound nucleus. This category would include

nuclei such as "Be, °Ne, and 2*Mg which are of astro-
physical interest. The T =0 states will have reduced pro-
ton and neutron decay widths, which enhances alpha de-
cay. The T=1 states have no alpha decay width to T=0
states and reduced proton and neutron widths to T=1
states. Allowed decays may also occur to T =1 states for
alpha decay and T'=3 states for proton and neutron de-
cay.

In general, these analog-to-analog decays should be
small. If we use the mass formula of Kiimmel et al. [4],
the coefficient of the (N —Z)?/ A4 term is 25. Thus, sepa-
ration between the first 7=0 and T'=1 states should be
10, 5, and 2.5 MeV for 4 =10, 20, and 40, respectively.
Similarly, separation between the lowest T=1 and T=3
states should be 20, 10, and 5 MeV for 4 =10, 20, and
40, respectively. Thus, level density arguments would

TABLE II. Effects of isospin in multistep reactions induced by alpha particles.

Decay Decay
Target Decay nucleus channel Coupling Target Decay nucleus channel Coupling

Mg (T=0) 288 n T a 1

p % n(T=1) 1

a 1 8sj n 1

27§ n % p %

p (T=0) 1 a 1

a 1 21 n(T=1) 1

D (T=1) % p %

N n (T=0) 1 a 1

p Z n(T=3) 1

a 1 Mg n (T=0) 1

n(T=1) % D %

Mg n % a 1

p 1 n (T=1) 1

a 1 278i n Z

*si n 3 p (T=0) 1

p(T=1) 1 a 1

a 1 p(T=1) 1

p(T=12) 1 YAl n (T=0) 1

%Al n 1 p 3

p % a 1

a 1 n(T=1) %

Mg n(T=1) 1 Mg n (T=1) 1

P 3 P 3

a 1 a 1

n (T:%) % n (T=2) %

20Ne n % 2INe n (T=0) 1

p 3 P 5

a 1 a 1

*Mg s n (T=0) i n (T=1) 1
p 5
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TABLE III. Isospin coupling for neutron-induced reactions.

B IS
Il II

Decay
Target Compound nucleus channel Coupling
T=0 T=1] n (T=0) 1
P 3
a 1
n(T=1 1
T=1(T,=1) T=1 n(T=1) 1
p B
a 1
n(Tr=3) 1
T=1(T,=—1) T=0 (probability 1) n 1
p T
a 1
T=1 (probability £) n (T= 1
%
1
2
1
2
1

QRS
S N ﬁ NS
— e ofw N[ o[

make decay to analog states small. Use of typical level
density parameters (@ = A4 /8) with these shifts predicts
level densities which are smaller by a factor of 3—6 for the
analog states.

For particular nuclei, these general systematics may be
violated. In the case of 2°Al, for example, the lowest
T=0 and T=1 states are very close in energy. This
occurs because the T'=1 states correspond to levels in the
nuclei Mg and 2%Si, which are even-even nuclei. This
means the lowest state is depressed by the pairing gap,
while for T=0 states an unpaired proton and neutron are
both present. As the energy is increased, the ratio be-
tween 7=0 and T =1 levels increases and presumably
approaches the systematics characterized by the sem-
iempirical mass formula. Thus, although at or slightly
above threshold the density of 7=1 states is approxi-
mately equal to the density of T"=0 states, at most ener-
gies the density of 7'=0 states is much higher. For some
other T=0 nuclei, the ratio changes in the opposite
direction. If N and Z are even, the pairing gap favors the
T=0 level density at low energies. For nuclei such as
2*Mg, the T=0 to T =1 ratio would be unusually high at
low energies, but again would approach the liquid drop
value as E increases.

Table IV presents the results of applying the isospin

TABLE IV. Effects of isospin in multistep reactions induced by neutrons.

Decay Decay
Target Decay nucleus  channel Coupling Target Decay nucleus  channel Coupling
*Mg (T=0) Mg n(T=0) 1 2Ne n(T=1) 1
4
P % p 4
a 1 a 1
n(T=1) 1 n (T=2) 1
Mg n 1 0 n(T=0) 1
P : p 3
a 1 a 1
*Na n(T=1) 1 n(T=1 %
p 3 PMg (T=1; T,=1) Mg n(T=3) 1
a 1 p 3
= a 1
n(T=3%) 1 ) s
2INe n (T=0) 1 " 2 ¥
2 Mg n(T=1) 1
p 3 R
a 1 p 3
n(T=1 1 o 1)
BMg n % . n(T=1) 3
p (T=0) 1 Na n(T=1) 14
a 1 p 5
n(T=1) 1 a 1I
»Na n (T=0) 1 ) n(r=2 3
=1 1
p % Ne n ( 5) :
a 1 P F
n(T=1) a 1

|-
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TABLE 1V. (Continued).

Decay
Target Decay nucleus  channel Coupling
n(T=3) T
Mg n 1
P 3
a 1
Na n(T=1) 1
p 3
a 1
n (T=2) 1
2Ne n (T=2) 1
p 3
a 1
n(T=3) 1
30 n(T=%) 1
p T
a 1
n(r=3) 1
BMg (T=4; T,=—13%) Mg (T=0) n 1
(formed with 50%  p 1
probability) a 1
¥Mg (T=1) n(T=3) 3
(formed with 50% p (T=1) 1
probability) a (T=1) 1
n(T=3) 1
p(T=%) %
BMg n 2

Decay
Target Decay nucleus  channel Coupling
p (T=0) 1
a 1
P(T=1) 1}
BNa n (T=0) 1
p 3
a 1
n(T=1 1
Ne n 1
p 1
a 1
22]\,1g n %
p(T=1) 1
a 1
p(T=3) 3+
2Na n 1
p 7
a 1
2Ne n(T=13) 1
p 3
a 1
n (T=%) 1
160 n 1
P 1
a 1

coupling factors and assuming that decays populate non-
analog (T =T) states. Note that as was found for alpha
particles, a tendency to reduce proton or neutron widths
is seen, which would enhance alpha decay. This effect is
especially surprising for multistep reactions, where the
effects of isospin strongly affect 7=0 states reached by
multiple nucleon emission, even though previous analyses
found that for protons on targets with A4 >50 isospin
effects were profound only in the first stage of the reac-
tion. For a T=1 target, the (n,2n) reaction populates a
T =0 nucleus, indicating that substantial enhancement of
the (n,2na) and (n,2n2a) reactions should occur, at the
expense of (n,3n) and (n,2np ), for example.

These same couplings can be applied to the deuteron,
tritium, and helium-3 decay channels, which, from the
standpoint of isospin, are analogous to alphas, neutrons,
and protons, respectively. As an example, deuteron bom-
bardment of a T=0 nucleus would result in an enhanced
alpha yield compared to a calculation without isospin.
Even in heavy ion physics, a study of 32S+32S, for exam-
ple, should find much larger cross sections for multiple
alpha decay than would be predicted without isospin.

The present discussion has assumed that the transmis-
sion coefficients themselves are independent of isospin.
This is approximately true in most cases but could be
wrong for some light nuclei. If, for example, a system
which does not have compound states of a particular iso-
spin below a certain energy is studied, absorption would
be zero until the threshold is reached. Except for very
light nuclei, particle-binding energies are large enough
relative to isospin splittings that this situation will be
unusual. The usual (N —Z)/ A4 terms in proton and neu-
tron optical potentials produce effects on the transmis-
sion coefficients of less than 15%, making transmission
coefficient effects small compared to the factor of 2 effects
for T=0 nuclei but not necessarily smaller than the cou-
pling factor effects as T increases beyond 1.

Finally, isospin mixing has not been included. Cases
such as the pair of states in *Be at 15 MeV are known
where mixing is substantial, but, in general, isospin is not
found to be completely mixed. Arguments based on rela-
tive level density [S] indicate that mixing up
(T=T,—>T=Tz+1) is less likely than mixing down
(T=T,+1—-T=T,). This would make the present
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predictions less sensitive to small values of the mixing
than are the results for 4 > 50, where the effects require
decay of the analog state before mixing. Most of the
present results involve decay of nonanalog states, for
which mixing is reduced by the ratio of the level densities
[(E, T=T,)/p(E, T=Tz+1)]. The fact that some of
the present results are found in multistep reactions, of
course, does increase the sensitivity to mixing and may
provide a further technique for studying isospin purity of
excited nuclear states.

Finally, the present results suggest that the effects of
isospin on proton-induced reactions are different for
A <40 than has been found for 4 >50. The results for

proton bombardment of T'=0 targets are the same as for
neutron bombardment of these targets, while proton
bombardment for T'= 1 targets can be deduced from the
results in Table III by taking the neutron results for the
target with the opposite sign for T, and interchanging
protons and neutrons in the exit channel. As is found for
alpha particles and neutrons, alpha emission is enhanced,
particularly if energies high enough to allow multiple
particle emission are considered.
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